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A fracture mechanics based fatigue index for rolling contact fatigue (RCF) initiated at deep (10–25 mm) defects is
derived and employed together with a fatigue index for more shallow (4–10 mm) subsurface RCF initiation. Integrated
simulations of high-frequency dynamic train–track interaction and prediction of RCF impact are then carried out to eval-
uate the inﬂuence of short-pitch rail corrugation on RCF of railway wheels. Parametric studies are carried out to identify
operational conditions likely to generate high RCF impact. Simulation results show how rail corrugation causes a major
increase in RCF impact at high-speed operations and that corrugation magnitudes measured in-ﬁeld are suﬃcient to gen-
erate subsurface initiated RCF. At high speeds the main cause for increased fatigue impact is the increase in dynamic load
magnitudes. At lower speeds and higher axle loads also the eﬀect of poor contact geometry will have an inﬂuence.
 2007 Elsevier Ltd. All rights reserved.
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In the years 1998 to 2002 a relatively large occurrence of subsurface initiated cracks due to RCF was
detected in trailer wheels on Swedish high-speed trains. The number of detected cracks is now signiﬁcantly
reduced. A likely reason for this reduction is that rails are ground at more regular intervals, which reduces
the magnitude of rail corrugation and roughness. The objective of the current study is to investigate the rela-
tionship between wheel and rail roughness and subsurface initiated RCF. The current paper extends a study
by Nielsen et al. (2004) by focusing on RCF driving mechanisms. An accompanying paper (Nielsen et al.,
2005) focuses on train–track dynamics aspects.
In the present paper an integrated study of train–track interaction and RCF is carried out. A wheel
operating on a straight track with no long-wave geometrical defects (track irregularities) is considered.0020-7683/$ - see front matter  2007 Elsevier Ltd. All rights reserved.
doi:10.1016/j.ijsolstr.2007.05.022
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rail is corrugated, meaning that small amplitude undulations with a broad spectrum of wavelengths exist.
The rail corrugation characteristics employed in the reference case are from measurements at a corrugated
site (Vretstorp) by the Swedish National Rail Administration (Banverket). The studied roughness spectra
include wavelengths in the interval 2–100 cm. This corresponds to excitation frequencies in the range 55–
2778 Hz at a train speed of 200 km/h (the highest allowed speed at the site). Roughness levels are eval-
uated in a 1/3 octave band spectrum for centre wavelengths up to 31 cm. The roughness level is deﬁned
asLr ¼ 10  log10
~r2
r2ref
 
ð1ÞHere, ~r [lm] is the root mean square value of the measured roughness proﬁle and rref = 1 lm.
Subsurface initiated rolling contact fatigue is assessed using the FIERCE model (Ekberg et al., 2002).
The fast algorithms in FIERCE allow for fatigue evaluation in each time increment. This facilitates a sta-
tistical evaluation of the fatigue impact, which is of major importance in the study of RCF of railway
wheels: Since the wheels are travelling along a track with varying characteristics, they will be subjected
to a broad spectrum of fatigue loading. From a fatigue point of view, mainly extreme loads are of
importance since, ﬁrst, fatigue initiation is related to magnitudes of fatigue impact exceeding the (equiv-
alent) fatigue limit and, second, above the fatigue limit life is decreasing exponentially with the increase
in fatigue loading.
The current study focuses on fatigue impact in railway wheels owing to operations on corrugated rails. Nat-
urally, this will also correspond to an increase in fatigue impact in the rails, of comparable magnitude. How-
ever, in rails phenomena such as global bending and global thermal contraction (in continuously welded rails)
as well as boundary eﬀects will have a more pronounced eﬀect than in wheels. Note also that the eﬀect of an
out-of-round wheel will be similar to that of a corrugated rail with respect to RCF impact, see (Nielsen et al.,
2005).
Finally, it is considered that the novelty of the current paper lies in the integration of high-frequency train–
track interaction analysis and the reﬁned RCF assessment to analyse the inﬂuence of rail roughness on sub-
surface initiated cracks; in that the primary causes of the high fatigue impact are investigated in depth, and in
the evaluation of parametric inﬂuence.2. Numerical models
2.1. Train–track interaction
The current study facilitates an integrated analysis of train–track interaction and rolling contact fatigue
analysis. Train–track interaction is simulated in the time domain using the in-house code DIFF (Nielsen
and Igeland, 1995). The DIFF-model incorporates high-frequency interaction up to some 2–3 kHz. It has been
shown (Nielsen et al., 2004) that the high-frequency content is vital to obtain a good estimation of contact
forces and fatigue impact for operations on corrugated rails. The issue is further explored in the accompanying
paper (Nielsen et al., 2005), where it is concluded that, for the studied conﬁgurations there are large contri-
butions to vertical contact loads in the frequency range 600–1200 Hz.
In the current study, the wheelset is modelled as a rigid mass supported by the primary suspension,
which acts in longitudinal and vertical directions. Input data corresponding to existing powered and trai-
ler wheelsets of a high-speed train are employed. Train speed and driving torque of the powered wheel-
set are assumed to be constant in each simulation to mimic steady-state conditions. The rail is modelled
by the use of Rayleigh–Timoshenko ﬁnite beam elements. Sleepers are treated as rigid masses. A con-
stant sleeper spacing of 0.63 m (c/c) is assumed. Track and loading properties (including the roughness
proﬁle) are taken as symmetric with respect to a centre line between the two rails. The length of the
track model is 70 sleeper bays. Results are evaluated over a distance of 40 sleeper bays in the middle
of the studied track section. Boundaries at the two rail ends are modelled as clamped. Rail pads and
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springs and viscous dampers. Stiﬀnesses and viscous dampings were obtained by tuning the calculated
vertical direct receptance of the railhead at sleeper midspan to the corresponding receptance measured
at the test site Vretstorp. A nonlinear compressive stiﬀness of the wheel–rail contact is determined by
assuming three-dimensional contact according to Hertz. Tangential wheel–rail contact is modelled using
the Shen–Hedrick–Elkins friction law. The adopted procedure to simulate train–track interaction is
described in detail in (Nielsen and Igeland, 1995). Details on the current model, including wheelset
and track properties chosen to correspond to measured conditions, are available in (Nielsen et al.,
2005) and (Nielsen et al., 2004).
3. Fatigue impact
3.1. Continuum based approach for subsurface fatigue initiation
To evaluate the risk of subsurface fatigue initiation, the Dang Van multiaxial fatigue criterion (Dang Van
et al., 1989) is employed in the current study. The Dang Van equivalent stress, req, may be expressed as1 Co
the ben
comprreq ¼ max
t
ðsaðtÞ þ c  rhðtÞÞ ð2ÞHere, sa(t) is the time dependent magnitude of the deviation of the shear stress vector from its mid value during a
stress cycle, rh = (rx + ry + rz)/3 is the hydrostatic stress, t is time and c is a material parameter. Fatigue initi-
ation is predicted forreq > se, where se is the fatigue limit in shear of thematerial. It should be noted that semaybe
signiﬁcantly reduced by the presence of material defects, (cf. Ekberg andMarais, 2000; Ekberg and Sotkovszki,
2001; Kabo, 2002; Kabo and Ekberg, 2002a,b; Kabo and Ekberg, 2005). A reasonable estimation of a reduced
fatigue limit under current conditions is se,red  220 MPa, (cf. Ekberg andSotkovszki, 2001). In addition, a rough
estimation of expected fatigue life in cases of subsurface initiated fatiguemay be obtained from an ‘‘equivalent S–
N-curve’’ which relates the magnitude of the Dang Van equivalent stress to the fatigue life, see (Ekberg, 1997).
For analysis of subsurface initiated rolling contact fatigue of wheels and rails under Hertzian contact con-
ditions, an approximation of the Dang Van equivalent stress (Ekberg et al., 2002; Ciavarella and Maitournam,
2004; Ekberg et al., 2004) may be expressed asFI sub  req  F z
4pab
ð1þ f 2Þ þ c  rh;res ð3Þwhere a and b are the semi-axes of the elliptical wheel–rail contact patch, Fz is the load acting normal to the
contact area, and f ¼
ﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
ðF 2x þ F 2yÞ
q
=F z is the traction coeﬃcient with Fx and Fy being tangential loads on the
wheel tread acting in circumferential and transverse directions, respectively. Further, c is a material parameter
and rh,res the hydrostatic part of the residual stress in the wheel.
1 The error in the approximative expression in
Eq. (3) as compared to a thorough evaluation of the Dang Van stress is less than some 8% for the current
application, see (Ekberg et al., 2002).
3.2. Fracture mechanics based approach
The Dang Van equivalent stress is of relevance for rolling contact fatigue cracks initiated at a depth of some
5–10 mm below the wheel tread. For cracks initiated deeper, say down to some 25 mm, the inﬂuence of mate-
rial defects becomes even more important since nominal stress magnitudes are low. For such deep cracks, the
contact geometry is of less importance and the fatigue impact is better reﬂected by the contact load magnitude,
Fz, (see Ekberg et al., 2002; Kabo, 2002; Kabo and Ekberg, 2002a,b; Kabo and Ekberg, 2005). Elasto-plastic
simulations (Lansler et al., 2006) have further shown that linear elastic fracture mechanics is likely to be validmpressive (negative) residual stresses should here be treated with caution. From experiments it has been found that they do not have
eﬁcial eﬀect predicted by the Dang Van criterion (Desimone et al., 2006). It is therefore advisable to use rh,res = 0 in the presence of
essive residual stresses.
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DKII should here be a suitable measure of fatigue loading.3.2.1. Two-dimensional approach
Presuming elastic plain strain (2D) conditions, that the contact load may be approximated as a line load,
that the crack is relatively short, and that there is slip between the crack faces, the mode II stress intensity
factor of a crack parallel to the contacting surface may be expressed as (Hearle and Johnson, 1985)KII ¼  2 F zph 
ﬃﬃﬃﬃﬃ
pL
2
r
x
h
þ l
  1þ fxh
1þ xh
 2 2
0
B@
1
CA ð4Þwhere Fz is the magnitude of the line load, h is the depth of the crack below the surface, L the length of the
crack, x the lateral distance between the crack centre and the applied load and l the crack face friction
coeﬃcient.
If the wheel–rail contact is traction free, i.e. f = 0, Eq. (4) may be simpliﬁed toKII ¼  2F zh
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If also crack face friction is neglected, i.e., l = 0, extreme magnitudes of KII will occur atx ¼  hﬃﬃﬃ
3
p ð8Þand have a magnitude ofKII;max ¼ 3F z
8h

ﬃﬃﬃﬃﬃ
3L
2p
r
ð9ÞNeglecting the eﬀect of crack face friction may, based on elastic simulations (Hearle and Johnson, 1985), be
considered as a too conservative simpliﬁcation. However, elasto-plastic simulations indicate that the inﬂu-
ence of crack face friction may be less in practise (Lansler et al., 2006). Further, subsurface cracks often
appear in the presence of MnS-inclusions, which will tend to lubricate the crack faces. Finally it may be
noted that operational magnitudes of crack face friction typically are unknown and very cumbersome to
measure or estimate.
Since the evolution of KII is anti-symmetric with respect to the load position, we will for cases of friction
free crack face contact obtain the mode II stress intensity range asDKII ¼ 2  KII;max ¼ 3F z
4h

ﬃﬃﬃﬃﬃ
3L
2p
r
ð10ÞFig. 1 shows the evolution of stress intensity factors evaluated at the leading (KL; the ﬁrst crack tip to be
loaded) and trailing (KT) crack tips and evaluated under the presumption of a uniform shear stress over
the crack length (short crack). The maximum magnitude of KII according to Eqs. (8) and (9) is indicated
by a ring in Fig. 1.
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Fig. 1. Evolution of stress intensity factor KII at a crack (h = 15 mm, L = 4 mm) owing to a passing line load of 12 MN/m. Peak value
according to Eqs. (8) and (9) is indicated by a circle. Two-dimensional plane strain is assumed.
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If crack face friction is neglected, the largest (along the crack face) mode II stress intensity factor of a
penny-shaped crack2 in an inﬁnite body subjected to a uniform shear, s, may be expressed as (Murakami,
1990; Kassir and Sih, 1966)2 ThKII ¼ 4
ﬃﬃ
r
p
ð2 mÞ  ﬃﬃﬃpp  s ð11ÞHere, m is the Poisson ratio and r the radius of the penny-shaped crack, cf Fig. 2.
In a semi-inﬁnite body subjected to a point load, Fz, the shear stress at a material point in the plane y = 0
according to 2 may be expressed as (Kannel and Tevaarwerk, 1984)sxz ¼ 3xh
2
2pð
ﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
x2 þ h2
p
Þ5
 F z ð12ÞA combination of Eqs. (11) and (12) yieldsKII ¼ 6
ﬃﬃ
r
p
ð2 mÞ  p ﬃﬃﬃpp  xh
2
ð
ﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
x2 þ h2
p
Þ5
 F z ð13ÞAs the point-load moves along the x-axis, extreme magnitudes of KII will occur forxmax ¼ h=2 ð14Þ
and the maximum magnitude will beKII;max ¼ 96
25
ﬃﬃﬃ
5
p  ð2 mÞ  p ﬃﬃﬃpp 
ﬃﬃ
r
p
h2
 F z ð15ÞFig. 3 shows the evolution of KII according to Eq. (13) with maximum magnitudes according to Eqs. (14) and
(15) marked by a ﬁlled circle.
Owing to the anti-symmetric evolution, the mode II stress intensity factor range will beDKII ¼ 2  KII;max ¼ 192
25
ﬃﬃﬃ
5
p  ð2 mÞ  p ﬃﬃﬃpp 
ﬃﬃ
r
p
h2
 F z ð16Þe more general case of an elliptic crack (also covered by given references) is studied by Beretta et al. (2001).
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Fig. 2. A penny-shaped crack of radius r located at a depth h below the contact surface. The crack is subjected to a Hertzian contact
pressure with peak magnitude p0, in the current study approximated by the resultant point load Fz.
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Fig. 3. Evolution of KII for a penny-shaped crack (r = 2 mm, h = 15 mm) and loaded by a moving compressive point load of Fz = 150 kN.
Maximum magnitude of KII as given by Eqs. (14) and (15) is indicated by a ﬁlled circle.
7980 A. Ekberg et al. / International Journal of Solids and Structures 44 (2007) 7975–7987According to the theory of linear elastic fracture mechanics, the fatigue crack is predicted to grow if DKII >
DKII,th where DKII,th is a material parameter. Further, if a Paris type of evolution law is presumed to be valid,
the crack growth rate, da/dN, will be given byda
dN
¼ CIIðDKIIÞmII ð17Þwhere CII and mII are material parameters. In evaluating the fatigue impact for certain operational conditions
the crack conﬁguration is often unknown. To circumvent this, we study a given conﬁguration where h and r
are constant and introduce the normalised measureFIcra  h
2ﬃﬃ
r
p  DKII ¼ 192
25
ﬃﬃﬃ
5
p  ð2 mÞ  p ﬃﬃﬃpp  F z ð18Þ
which will be used in the following to quantify the fatigue impact at deep cracks. In particular we note that
DKII / Fz.
In cases of line-like contacts, e.g. roller bearings, a similar criterium based on DKII as outlined in Section
3.2.1 should be more accurate.
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As mentioned above, the magnitudes of FIsub and FIcra according to Eqs. (3) and (18), will reﬂect the fatigue
impact, i.e. the fatigue loading of the material. To predict whether fatigue will initiate in the material and, in
such a case, the component’s fatigue life requires also a knowledge of the material’s fatigue strength. However,
this issue is not studied in the following. Instead the focus is on the inﬂuence of operational parameters on the
fatigue impact. Magnitudes of FIsub and FIcra in the following should thus be taken as indicators of the risks of
fatigue initiation and/or expected fatigue lives.
If nothing else is stated, parameters correspond to the reference case with an axle load of 12 tonnes of which
1390 kg corresponds to the unsprung mass; a speed of 200 km/h and a roughness level as corresponding to
ﬁeld measurements described in Nielsen et al. (2005). Input data to the track model are listed in Nielsen
et al. (2005). Probability densities, p, are derived according to the formulap ¼ n
D  N ð19Þwhere n is the number of time increments corresponding to a fatigue index magnitude within a given interval,
N is the total number of intervals, and D width of each interval.4.1. Axle load and unsprung wheel mass
An increased axle load will increase the fatigue impact in terms of average magnitudes of FIsub and FIcra.
For FIsub, the scatter will decrease with increased axle load, which makes the diﬀerence between extreme mag-
nitudes of FIsub less than that of average magnitudes as seen in Fig. 4. Since fatigue initiation and subsequent
fatigue crack growth are to a large extent threshold problems, it is the extreme magnitudes of FIsub that are
most important. Consequently, the inﬂuence of an increased axle load on shallowly initiated subsurface RCF
(as quantiﬁed by FIsub) is not as severe as on deep cracks (as quantiﬁed by FIcra). It should here be noted that
the case of an axle load of 6 tonnes operating on a corrugated track at 200 km/h introduces loss of contact at
several instances in time. For such conditions FIsub is undeﬁned since both Fz and ab are zero. These occasions
have not been included in Fig. 4a.
In Fig. 5 it is seen that a change in unsprung wheel mass will not signiﬁcantly aﬀect neither FIsub nor FIcra
provided the total axle load is kept constant.
In summary, an increased axle load is of importance to fatigue impact, especially to the initiation of deep
cracks as reﬂected by the magnitude of FIcra. However, for the studied cases, the increase in fatigue impact is
not related to whether the increase in axle load is unsprung or not.0 50 100 150 200 250
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Fig. 4. Inﬂuence of axle load: 6 tonnes, 12 tonnes (reference case) and 18 tonnes. FIsub (left) FIcra (right).
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Fig. 5. Inﬂuence of unsprung mass: 695 kg, 1390 kg (reference case) and 2085 kg. Total axle load is 12 tonnes for all cases. FIsub (a) FIcra
(b).
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The inﬂuence of rail roughness on the fatigue impact has been investigated by analysing four magnitudes of
rail corrugation. The reference case corresponds to corrugation magnitudes measured at the Vretstorp test site
(Nielsen et al., 2005). In addition, cases for which this corrugation spectrum has been decreased by 3 or 6 dB
or increased by 3 dB according to Eq. (1) have been simulated. A case where the roughness was increased by
6 dB led to severe loss of contact and was excluded from the study.
As can be seen from Fig. 6, an increased roughness level will increase the scatter of both FIsub and FIcra.
Consequently, the maximum magnitudes will increase which implies a higher probability of RCF initiation
and decreased RCF lives for both deep and shallow cracks.
4.3. Operational speed
The inﬂuence of train speed is shown in Fig. 7. It can be seen that an increased speed will have a similar
eﬀect as an increased roughness level in that scatter, and thus extreme magnitudes of both FIsub and FIcra,
are increased.
Of interest is the ‘‘saturation eﬀect’’ in the sense that an increase in speed from 100 km/h to 200 km/h gives
a much higher increase in peak fatigue impacts (in terms of both FIsub and FIcra) than an increase from
200 km/h to 300 km/h.0 50 100 150 200 250
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5.1. Vertical contact load versus contact geometry
In Fig. 8 the vertical contact load, Fz, is plotted versus the contact geometry, as measured by the product of
Hertzian contact patch semi-axes a Æ b. The load cases (time increments) corresponding to the 25 highest mag-
nitudes of FIsub are marked with black squares. A ‘‘high’’ corrugation level, c, here corresponds to magnitudes
as measured at the test site Vretstorp and a low magnitude corresponds to a 50% roughness reduction.
It is seen that a high magnitude of FIsub strongly correlates to a high magnitude of Fz. An exception is the
case of low-speed operations (Fig. 8d), where a high FIsub magnitude at some occasions corresponds to a rel-
atively low vertical load Fz.
5.2. Contact geometry
In Fig. 9, the contact semi-axis b is plotted versus the semi-axis a. Here, a corresponds to the direction along
the rail. The 25 most damaging load cases (time increments) are marked with black squares. It should be noted
that the roughness is modelled as one-dimensional, i.e. the irregularities are modelled in the rail direction (cor-
responding to the semi-axis a) and the proﬁle is assumed constant in the transverse direction (corresponding to
the semi-axis b). It can be seen that a high FIsub always corresponds to a large value of b, owing to the high
load level. As for the semi-axis a, the trend is more complicated. Typically, a high FIsub corresponds to a fairly
large a-value, but there are exceptions, most notably low-speed and heavy operations. Low a magnitudes cor-
respond either to a low Fz (resulting in a low FIsub) or to a poor contact geometry, e.g. when the wheel tra-
verses the corrugation peaks. The latter case may result in high FIsub magnitudes.
6. Conclusions
A previously developed analytical expression for the subsurface Dang Van stress in railway wheels (Ekberg
et al., 2002) has been complemented by an analytical expression for DKII of a deep crack subjected to a passing
contact load. These two indices, FIsub and FIcra, have been adopted to evaluate the rolling contact fatigue
impact regarding subsurface initiated cracks in railway wheels.
It can be concluded that corrugation will increase rolling contact fatigue impact. The underlying mecha-
nisms are as follows:
• The roughness of the rail surface will lead to increased contact load magnitudes due to its inﬂuence of the
dynamic train–track interaction. This is the dominating cause of high fatigue impact in high-speed
operations.
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Fig. 8. Scatter plot of Fz vs a Æ b. The 25 highest magnitudes of FIsub are marked with black squares. Please note the variation in scales.
Speed, v, axle load, V, unsprung mass, M, and corrugation level, c, are: (a) v = 200 km/h, V = 12 tonnes, M = 1390 kg, c high (b)
v = 200 km/h, V = 6 tonnes,M = 1390 kg, c high (c) v = 200 km/h, V = 18 tonnes,M = 1390 kg, c high (d) v = 100 km/h, V = 12 tonnes,
M = 1390 kg, c high (e) v = 300 km/h, V = 12 tonnes, M = 1390 kg, c high (f) v = 200 km/h, V = 12 tonnes, M = 695 kg, c high (g)
v = 200 km/h, V = 12 tonnes,M = 2085 kg, c high (h) v = 200 km/h, V = 12 tonnes,M = 1390 kg, c low (i) v = 200 km/h, V = 25 tonnes,
M = 1390 kg, c high.
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Fig. 9. Scatter plot of contact semi-axis b vs a. Combinations corresponding to the 25 highest magnitudes of FIsub are marked with black
squares. Speed, v, axle load, V, unsprung mass,M, and corrugation level, c, are: (a) v = 200 km/h, V = 12 tonnes,M = 1390 kg, c high (b)
v = 200 km/h, V = 6 tonnes,M = 1390 kg, c high (c) v = 200 km/h, V = 18 tonnes,M = 1390 kg, c high (d) v = 100 km/h, V = 12 tonnes,
M = 1390 kg, c high (e) v = 300 km/h, V = 12 tonnes, M = 1390 kg, c high (f) v = 200 km/h, V = 12 tonnes, M = 695 kg, c high (g)
v = 200 km/h, V = 12 tonnes,M = 2085 kg, c high (h) v = 200 km/h, V = 12 tonnes,M = 1390 kg, c low (i) v = 200 km/h, V = 25 tonnes,
M = 1390 kg, c high.
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7986 A. Ekberg et al. / International Journal of Solids and Structures 44 (2007) 7975–7987• The roughness will also promote a poor contact geometry (small contact patch). This eﬀect is counter-acted
by the higher contact loads that tend to increase the size of the Hertzian contact patch. This interaction can
be seen by studying the relation between the contact patch semi-axes a and b. The b-measure is not directly
aﬀected by the roughness (since the roughness is here taken as one-dimensional), whereas a-measures are
aﬀected. For low speeds, the dynamic increase of Fz is not suﬃcient to exceed the eﬀect of a small contact
patch, as can be seen by the relatively lower magnitudes of a for load cases corresponding to high magni-
tudes of FIsub in low-speed operations. For extreme low-speed operations, the poor contact geometry owing
to the corrugation will be the main cause to an increased fatigue impact (as understood by considering the
quasi-static case). For higher speeds, the eﬀect of an increased magnitude of Fz will exceed the inﬂuence of
the corresponding increase in the size of the Hertzian contact patch. Consequently a high fatigue impact is
here related to high contact load magnitudes and large contact patches.
• Higher axle loads will increase RCF impact, in particular with respect to deep cracks.
• Higher axle loads also causes a larger spread in contact geometries. A plausible explanation is that the high
load tends the wheel to roll more closely along the troughs and peaks of the corrugated rail.
• An increase in unsprung mass will have no eﬀect on fatigue impact providing the static axle load is not
aﬀected. The reason is likely to be that at the high load frequencies imposed by the corrugation, the mass
of the wheel can be seen as inﬁnite.
• For the operational conditions studied, corrugation is more of an issue in high speed operations as com-
pared to heavy haul. This is in line with operational experience.
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